Abstract
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Introduction
33
Desalination of sea and brackish water has become more common over the past decades to meet 34 freshwater requirements for domestic, agricultural and industrial demands. Desalination capacity, 35 energy demand, regeneration method and water recovery are the main features distinguishing the 36 technologies developed for this purpose, which are generally thermally or membrane based [1, 2] .
37
Capacitive Deionization (CDI) is an alternative, electrochemical water treatment method in which 38 ions are temporarily adsorbed in electrical double layers of two oppositely charged porous carbon 39 electrodes [3] . Therefore the desalination capacity is reliant on the carbon material used in the 40 electrode fabrication [4, 5] . To enhance the performance of CDI, Membrane Capacitive Deionization 41 (MCDI) has also been proposed, where ion-exchange membranes (IEMs) are placed in front of the 42 charged electrodes to inhibit the co-ions, i.e. ions carrying the same charge as the surface, from 43 reaching the electrodes [6, 7] . In CDI or MCDI, ions or other charged species are removed from the 44 concentrated feed. However, this is not the case for most other desalination technologies in which 45 water is separated from the polluted stream. It is thus apparent that at lower concentrations of the 46 charged species in comparison with that of water, the energy consumption of CDI based processes will be significantly lower than the latter [8] . Therefore, CDI or MCDI is mostly employed as an 48 energy-efficient method for brackish water remediation where the salinity is limited to 1000 mg L -1 49 [9] .
50
Once the carbon pores reach their saturation limit, the CDI or MCDI unit is not capable of adsorbing 51 ions anymore. Therefore, a regeneration step is required to deplete the electrode materials of the 52 charged species. In CDI, the previously adsorbed ions are released back to the liquid phase by 53 dropping the system voltage to zero, while in MCDI it is more common to release these ions by 54 reversing the polarity. As a result the stack undergoes repetitive adsorption/desorption cycles [10] .
55
Ease of regeneration adds to the merits of this promising desalination method [11] .
56 Whilst many attempts have been made toward synthesis of novel carbon materials with improved 57 physico-chemical properties for CDI processes [12, 13] , less research has been conducted on the 58 operational aspects of both CDI and MCDI. Zhao et al.[14] were the first to optimize the salt 59 adsorption in MCDI by varying operational variables within both constant voltage and constant 60 current modes. Recently, García-Quismondo et al. [15] considered new operational modes to increase 61 energy efficiency in CDI by varying charge and discharge current densities and also investigated the 62 use of a concentrated brine stream during discharge. Yet more research is needed to improve the 63 design aspects of MCDI. To illustrate, feed water recovery, i.e. the volumetric ratio of desalinated 64 water produced to that of the feed water, is one such operational metric used to evaluate water 65 treatment processes [16] . In the field of MCDI, the higher the feed water recovery, the less feed water 66 volume is wasted during the desorption step. In this work, we specifically consider the potential of 67 regenerating the MCDI unit with a stream of higher salt concentration than the feed to increase the 68 feed water recovery. Since this is a very critical question, more exploration is required to determine 69 its feasibility especially in the presence of ion-exchange membranes. If a more concentrated stream 70 can be utilised in the desorption step, a certain amount of the water for regeneration can be recycled a 71 number of times which then leads to much greater water recovery.
72
In this paper, we explore this concept using both experimental techniques and a theoretical model.
73
The modified Donnan Theory developed by Biesheuvel et al. [17, 18] is the most well developed 74 model available in the literature to describe the storage of ions in the EDLs of micropores (< 2 nm) of 75 carbon electrodes. The same research group has also proposed a dynamic ion transport model to 76 describe the performance of the MCDI unit [17, 19, 20] . Tang et al. [21] has recently used a similar 77 approach to model the removal of fluoride in CDI. This ion transport model includes all the mass and 78 charge balances throughout the MCDI unit and is combined with modified Donnan theory to describe 79 the ion storage in the electrical double layers (EDLs). Nonetheless, this theoretical method is based on 80 various simplifying assumptions. In this work we avoid some of these assumptions by (i) measuring 81 the diffusion coefficients in the ion-exchange membranes; (ii) using these values to adjust the voltage 82 distribution across the two half-cells and (iii) including the ion activity coefficient in the solution and 83 the membrane phases. The novel features introduced into the mathematical approach strengthen the 84 model, as estimation of some parameters is replaced with direct measurements. 
124 where is the thickness of the spacer which defines the flow channel width, v is the velocity in 125 the flow channel and is the flux of ion type moving in direction y, perpendicular to the flow 126 direction, to reach the ion-exchange membrane. Assuming a quasi-steady-state condition for the ion-127 exchange membrane, the flux of ions leaving the flow channel equals the flux passing through the ion-128 exchange membrane, which is identical to the flux of ions entering the electrode. In the absence of 129 convective flow, the flux of ion through the membrane is composed of two terms: diffusion flux due 130 to the chemical potential gradient, and electromigration due to the electrical potential gradient [23, 131 24] . Therefore, can be written as 
138 where a is the activity of each ion.
139
It is noteworthy that the activity coefficient of the counter-ions in an ion-exchange membrane is 140 significantly lower than that of the free aqueous solution [25] . This is because of the high 141 concentration of the counter-ions within this phase and the electrostatic interaction between the 142 counter-ions and fixed charges in the structure of the ion-exchange polymer [26] . Since the 143 concentration of co-ions in the membrane is much lower than that of counter-ions, the activity 144 coefficient of these ions does not exhibit as significantly non-ideal behavior as the counter-ions. ∑ . , + . , = 0
151 where is the concentration of fixed charges within the membrane.
,
152
As discussed earlier, the ions enter the carbon electrode consisting of macro and micro pores with 153 different volume fractions. An ion mass balance inside the electrode results in
where is the volume fraction, and is the thickness of the carbon layer. Subscripts and ∅
155
refer to the macro and micro-pores of the electrode, respectively.
156
The accumulation of in the micropores as a function of current density passing through the ℎ , 157 unit ( ) is expressed by
158
Potential Differences
159
As shown in Fig. 1 , there are several potential drops across the system, including across the spacer 160 filled flow channel, at the membrane interfaces, within the membrane, across the macropores in the 161 porous electrode and inside the electrical double layer of the micropores. The sum of these values 162 equals the applied potential, in the case of no external resistance. In the following part we describe 163 the potential drops over each compartment.
164
The potential drop over half of the spacer filled flow channel is a linear function of the current density 165 according to 
177 is the concentration of ion at the membrane interface with the spacer, while is the , ,
178
concentration of ion at the membrane interface with the electrode macropores.
179
Furthermore, the diffusion-related potential term in Eq. (11) is related to the current density by
180 where is the electrical conductivity of the cation/anion selective membrane (S m -1 ) [27] .
181
Assuming the potential difference across the membrane to be linear, we obtain .
187 Finally, the distribution of voltage across all the layers and interfaces can be described by: 
195
storage rate in the carbon micropores as a function of time (t). As each sub-cell is considered as an 196 ideal mixed flow reactor, Eq.(4) can be expressed as Eq. (18):
197 where k is the sub-cell number, running from 1 for the inlet, to (N+1) for the effluent, and t is a ∆ 198 time step of 10 seconds between t-1 and t. The residence time in the flow channel is given by .
199
The time step should be selected small enough that its further reduction does not affect the modelling 200 results. Eqs. (1), (4), (8), (9), and (17) 
Membrane characterization
235
The permeability of the counter-ions through the ion-exchange membrane was measured directly. In 236 this approach, a membrane coupon was clamped between two chambers of a glass diffusion device 237 (PermeGear Side-Bi-Side cell, USA). For the CMX cation exchange membrane, one chamber was 238 filled with NaCl solution while the other was filled with HCl of the same concentration. The 239 membrane was pre-soaked in the same NaCl solution for 48 hours to reach equilibrium. By 240 monitoring the pH values in the salt solution chamber as a function of time, the number of H + ions 241 transferred can be determined, which due to electroneutrality must be identical to that of Na + ions 242 travelling in the opposite direction. From the rate at which H + is transferred, the permeability of Na + ( 243 can be obtained from Eq.(19) [30] , as the mobility of Na + is much less than that of H + and + , )
244
hence is rate limiting. [26] . In brief, a circular piece of membrane was first equilibrated at the same 258 NaCl concentration ( ) as that used for the permeability measurements described above. The 259 volume of the swollen membrane disk ( ) was determined by measuring its diameter and thickness.
260
The CMX membrane was then moved to a solution of CsCl at higher concentration to release the 261 adsorbed sodium and uptake caesium ions; conversely, the AMX membrane was moved to a 262 concentrated NaI solution to exchange adsorbed chloride in the membrane matrix with iodide ions.
263
Knowing the swollen volume of the membrane, the partition coefficient can be obtained as the ratio of 264 counter-ion concentration in the swollen membrane to that of the solution as Eq. (20)
14 265 where refers to the final concentration of the counter-ion in either CsCl or NaI solutions + 266 and is the volume. As it is generally known that , one can then determine the
diffusivity coefficient of the counter-ion diffusing through the membrane which is used during 268 modelling in Eqs. (5) and (15).
269
It is apparent that the concentration of counter-ions in the membrane ( ) can be calculated from
271
On the other hand, the concentration of co-ions in the membrane ( ) can be obtained by replacing
the external solution with DI water. In other words, the membrane which has been equilibrated with 273 NaCl solution is then moved to DI water to release the adsorbed co-ions back into water. Therefore,
274
Equations (20) and (21) can be used to determine the partition coefficient and concentration of both 275 types of ions in the membrane. The diffusivity coefficient of the co-ion can be determined similarly 276 from . The outcome of this experiment, i.e. determination of counter and co-ions
concentrations, is then also used to calculate the concentration of fixed groups on the IEM (See 278 Section 2.2).
279
Electrosorption experiment
280
Two modes of operation were used in MCDI experiments. In batch mode operation, the salt solution 281 was continuously fed into the flow channel at a flow rate of 40 ml min -1 from a 150 ml recycle 282 reservoir, and returned to the same reservoir, for 15 minutes. A conductivity probe was placed in the 283 reservoir to monitor the change in salt concentrations. During the adsorption step, a constant electrical 284 voltage of 1.5 V was applied to the electrodes. The salt adsorption per cycle, Q (
285
, was calculated as 
290
In the single-pass mode of operation, the feed solution passed through the cell at a flow rate of 20 ml 291 min -1 and the conductivity of the effluent was monitored. The same charge and discharge voltages 292 were applied. In this case, the salt adsorption per cycle is measured as:
293 where is the volumetric flow rate, C feed is the feed salt concentration, C t is the outlet salt 294 concentration at any time t, and t ads is the adsorption cycle duration.
295
In both adsorption and desorption steps, the charge consumption (σ) was determined by integrating 296 the electrical current through the cell; 
301
The feed water recovery is another critical term which is defined as the ratio of the volumes of 302 desalinated water produced to that of the feed over one full cycle;
While the water productivity is given as:
To determine the parameters required for the mD model, equilibrium experiments were performed. In 306 these sets of experiments, a constant voltage of 1.5 V was applied to the CDI cell operating in batch-307 mode until the concentration of salt in the recycle reservoir plateaued. At equilibrium, there is no 308 ionic transport; which means, the applied voltage is only distributed over the EDL potential drops.
309
This experiment was carried out at four different salt concentrations (ranging from 5 to 50 mM).
310
Certain parameters of the model ( , , and α), were adjusted to fit the modelling results of C St,0 311 equilibrium salt adsorption and charge efficiency to that of the experimental data.
312
To collect the data for Section 4.5, the experiments were initially conducted by keeping the adsorption 313 time constant at 15 minutes for all the feed concentrations and extending the desorption step as 314 needed to ensure that all adsorbed ions were released back to the recycle reservoir. On the other hand, 315 to investigate regeneration using a brine stream, desorption was performed using a separate recycle 316 reservoir at a different initial concentration, which is greater than the original feed water ( ) 317 concentration. The ratio of for each regeneration step to the original feed concentration is 318 called the 'brine to feed concentration ratio'. When desorption was complete, a quick air flush 319 depleted the MCDI unit of any residual brine. Therefore the quality of water produced during the 320 adsorption steps remained constant.
321
To determine the lag time in response and the minimum number of uniform sub-cells required for unit 322 discretisation, the flow channel was characterised through the response to a pulse injection of dye.
323
The method and relevant equations for this analysis are described in the Appendix E. The permeability coefficient of the counter-ions (Na + in case of CMX and Cl -in case of AMX) was 339 measured using the method explained in Section 3.2. The observed increase in H + and OH -340 concentration in the salt chamber of the diffusion cell over more than 3 hours can be found in Fig. S4 .
341
Results were obtained using the first hour of the data collected, where the rate of change is constant 342 (see Table 1 ). The concentration of the fixed charges in the membrane (Table 1 ) and the partition 343 coefficients under the experimental conditions (Table S .1) was determined through the sorption 344 experiment described in Section 3.2. At 10 mM of NaCl, the concentration of counter and co-ions in 345 CMX were determined as 1149 ± 15 mM and 1.1 ± 0.7 mM, while that in the AMX were 1154 ± 54 Table 2 ). Fig.2 shows that μ att , C St,0
384
there is a very good agreement between the model and the experimental data. 
440
To further investigate the desorption performance with more concentrated brines in batch operation, 441 we calculated the water recovery considering the fact that water can be saved by re-using the brine 442 stream. The water recovery in this case is shown in Fig. 4 
450
For industrial applications, the MCDI unit will generally be used in a single-pass mode. Fig. 5(a) 451 depicts the conventional single-pass operation mode where the same brackish water feed is fed into 452 the MCDI cell both during adsorption and desorption. However, utilizing the same concepts as 453 described above, we proposed a set-up with a separate regeneration recycle tank as illustrated in 
461
The water recovery and productivity for the configuration depicted in Fig. 5(b) is shown in Fig.6 as a 462 function of the ratio of the concentration in the regeneration recycle tank to the concentration of the 463 feed. As described in Section 3.4, water productivity is determined as the time the MCDI set-up is 464 under operation for desalted water production to the total time spent on adsorption and desorption. To 465 obtain this data, the mathematical approach explained earlier was employed in a single-pass mode 466 (adsorption with 10 mM NaCl solution as the brackish feed water, and desorption assuming a constant 467 concentration in the regeneration recycle tank). For each case, the desorption step was maintained for 468 sufficient time to release all the adsorbed ions back into the regeneration recycle tank. This was 469 determined mathematically by equating the area above the regeneration tank concentration versus 470 time curve during desorption to the area under the feed concentration versus time curve during 471 adsorption. Recycling the brine stream improves water recovery by 47% at 20 ml min -1 and 43% at 40 472 ml min -1 desorption flow rate in comparison with the conventional operating mode (Fig. 6) . As 473 expected, water productivity drops since the desorption time is prolonged.
474
The energy consumption per cycle does not change significantly since the total amount of adsorbed 475 salt is maintained constant within each adsorption step. This is not consistent with the recent 476 publication by , who observed an enhancement in energy efficiency 477 when a concentrated brine stream was used during regeneration. These discrepancies may arise due 478 to the definition of energy efficiency used by them and due to the different operational modes used.
479
In the recent review article written by Suss et al. [16] , the authors briefly suggested that water 480 recovery of CDI systems might be enhanced through brine management. The outcome of this section, 481 has answered this important question as to whether or not a brine stream can be re-circulated. 
485
It is noteworthy that the concentration of the stream leaving the MCDI cell varies with time.
486 Therefore, the input to the regeneration recycle tank is not at constant concentration over the 487 desorption period. However, it is more practical, from an industrial point of view, to maintain the 488 flow rate from this tank and the tank concentration at a certain value. In practice, this would be 489 achieved by utilising a large regeneration tank volume and by varying the flowrate of feedwater 490 diverted into the tank over time. Fig. B1 depict the surface and cross-section views of the carbon electrode. As 578 shown in Fig. B1(a) , the slurry has been cast uniformly on the graphite sheet which yields physical 579 stability. The strong contact between carbon layer and graphite is indicative of sufficient usage of 580 PVDF as the adhesive binder. Micropore volume fraction of the electrode material, determined using 581 the DFT method, is 55% (Fig. B2 ). Such a microporous structure leads to the electrical double layer 582 overlapping inside the pores. It is noteworthy that in the calculation of electrode micropore volume 583 fraction, the voidage of the electrode was also considered. Φ values employed in the theoretical model 584 are corresponding to the electrode micro and macro pore volume fractions.
Conclusion
585
The CV curve of the AC electrodes is plotted in Fig. B3 . The specific capacitance of the electrode was 
603
D. Permeability test conducted on ion-exchange membranes
604
The permeability coefficient of the counter-ions (Na + in case of CMX and Cl -in case of AMX) was 605 measured using the method explained in Section 3.3. The observed increase in H + and OH -606 concentration in the salt chamber of the diffusion cell over more than 3 hours can be found in Fig. D1 .
607
The permeability coefficients were obtained using the first hour of the data collected, where the rate 608 of change is constant (see Table D1 ). 
612
Conversely, the increase in the salt concentration due to the permeation of the co-ions through CMX 613 and AMX is illustrated in Fig. D2 (a) and (b), respectively. The permeability coefficient of the co-ion 614 is collected over the first 3 hours of the data collection due to the slower rate of co-ion transport. of this experiment is applicable to all flow rates, the lowest flow rate used in the experimental work 637 was selected to collect the resident time distribution data. It is apparent that at lower flow rates, E θ 638 expands, which corresponds to greater axial dispersion. Hence, it is crucial to obtain the response to 639 the pulse input at the lowest operating flow rate for each MCDI unit to extract the minimum number 640 of cells (N) required for modelling.
641
This experiment demands special care to make sure that the total amount of the tracer entering the 642 system eventually leaves the cell. Otherwise, the RTD result will be affected by adsorption of the 643 tracer on the carbon particles or the ion-exchange membranes. This was the case in the present work. 
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